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Abstract 

■Experimental  verificatic-  u  method,  for  the  prediction  of  the  total 
intake  commitment  of  137  Cs,  lJ0Sr  and  131 1  from  milk  by  average  members  of 
a  human  population  following  deposition  of  fallout  on  pasture  is  presented. 
The  method  has  been  expanded  to  account  for  extended  and  multiple  depositions 
and  delays  in  pasturing  cows.  As  a  dietary  countermeasure  against  radio¬ 
strontium  secretion  into  milk  sodium  alginate  was  about  twice  as  effective 
as  aluminum  phosphate  gel.  Ferric  ferrocyanide  fed  to  cows  produced  over  a 
9Of0  reduction  in  137  Cs  in  milk. 


II.  Introduction 


Following  a  nuclear  event  which  contaminates  the  environment  with  radio¬ 
active  fallout  the  major  source  of  ingested  131 1,  90Sr,  and  137 Cs  for  large 
segments  of  the  human  population  is  via  milk.  In  dealing  with  the  problems 
which  would  arise  as  a  result  of  such  an  event  two  factors  must  be  considered. 
First,  a  reliable  estimate  of  the  total  intake  commitment  of  the  radionuclides 
by  an  average  member  of 'the  population  should  be  obtainable.  Secondly,  if  the 
projected  commitments  are  adjudged  greater  than  acceptable,  it  is  important  to 
have  available  a  selection  of  countermeasures,  each  of  which  would  reduce  the 
amounts  ingested  by  humans  to  an  acceptable  level. 

A  method  for  the  prediction  of  the  total  intake  commitment  of  137 Cs,  131 1 
and  90 Sr  from  milk  by  average  members  of  a  human  population  following  a  single 
rapid  deposition  of  radioactive  fallout  on  pasture  has  been  developed  at  this 
laboratory.  The  method  has  been  shown  to  be  independent  of  level  of  pasture 
contamination,  solubility  of  radionuclides  in  the  fallout,  and  dietary  factors 
such  as  level  of  stable  calcium  in  the  ration  of  cows.  In  the  study  reported 
herein  these  mathematical  models  have  been  expanded  to  include  situations  (1) 
where  fallout  accumulation  on  pasture  is  not  very  rapid  but  is  deposited  at  an 
exponential  rate  and  (2)  where  there  are  two  or  more  incidents  which  cause 
pasture  contamination  at  different  times.  Feeding  experiments  were  carried  out 
to  check  on  the  mathematical  models. 

Should  the  amounts  of  radionuclides  in  milk  reach  levels  which,  when 
projected  to  the  total  intake  commitment  of  a  population,  are  above  tolerable 
limits  countermeasures  would  have  to  be  taken.  These  could  take  the  form  of 
removing  the  contaminated  milk  from  diets,  decontaminating  milk  through  a 
chemical  process,  feeding  cows  uncontaminated  feed  where  available,  or  feeding 
some  dietary  substance  to  cows  which  would  reduce  radionuclide  levels  in  milk. 
While  the  first  three  of  these  methods  can  be  accounted  for  in  the  model, 
little  has  been  reported  on  the  effectiveness  in  cattle  of  certain  dietary 
countermeasures.  This  report  describes  further  efforts  in  this  area. 

III.  Use  of  Ferric  Ferrocyanide  as  a  Remedial  Measure  Against  137 Cs 

A,  Literature 

Because  i37Cs  must  be  considered  as  a  potentially  hazardous  fission  pro¬ 
duct  considerable  amount  of  work  has  been  done  to  decrease  absorption  and/or 
enhance  excretion.  These  efforts  have  by  and  large  led  to  ambiguous  results. 
However,  the  feeding  of  ferric  ferrocyanide  (Prussian  Blue)  shows  promise. 
Nigrovicf  (1963>  I965)  observed  that  oral  administration  of  ferric  ferrocyanide 
reduced  retention  of  orally  consumed  137Cs  by  as  much  as  99$  in  rats.  In 
addition,  the  biological  half  time  of  parenterally  administered  137Cs  has  been 
reduced  by  approximately  50  percent  when  this  material  was  fed  rats  (Nigrovic", 
Bohne  and  Madshus,  I966).  These  European  workers  also  demonstrated  a  reduc¬ 
tion  by  nearly  4( %  in  the  biological  half-life  of  137 Cs  in  7-8  kg.  dogs  fed 
1.5  to  3  grams  of  ferric  ferrocyanide  daily  (Madshus,  Stromme,  Bohne,  and 
Nigrovicf,  I966).  Recently  Madshus  and  Stromme  (I968)  personally  consumed  3 
grams  of  ferric  ferrocyanide  per  day  and  obtained  a  reduction  in  the  biological 
half  life  of  137 Cs  to  one  third  of  its  original  value.  The  consumption  of 
ferric  ferrocyanide  at  this  level  did  not  reduce  137Cs  absorption  however. 


Havlicek,  et.  al.  (I967)  have  shown  that  ferrocyanides  are  effective  in 
goats  as  well  as  rats.  Havlicek  (I968)  also  showed  that  ferric  ferrocyanide 
was  effective  in  the  pregnant  and  in  the  lactating  rat. 

No  reports  of  toxic  or  deleterious  side  effects  of  ferric  ferrocyanide 
ingestion  have  been  seen.  Richmond  (1968)  reports  that  potassium  and  sodium 
stores  do  not  appear’  to  be  affected  by  ferric  ferrocyanide. 

Investigations  on  the  effects  of  ferric  ferrocyanide  at  this  laboratory, 
initiated  prior  to  the  publication  of  several  of  the  previous  references,  have 
employed  rats  and  dairy  cows  as  experimental  animals .  The  rat  experiment  was 
conducted  for  the  purpose  of  (1)  confirming  observations  of  Nigrovic’ and  (2) 
being  sure  that  the  ferric  ferrocyanide  to  be  used  in  cattle  experiments  was 
potent.  The  cattle  experiments  were  carried  out  to  determine  the  effectiveness 
of  this  product  in  reducing  radiocesium  levels  in  milk.  The  ferric  ferrocyanide 
used  in  both  the  rat  and  cattle  studies  was  obtained  from  Harleco  (Hartman- 
Leddon  Co.,  Philadelphia,  Pa.).* 

B.  Feeding  of  Ferric  Ferrocyanide  to  Rats 

Ferric  ferrocyanide  was  included  in  the  ration  of  two  groups  of  rats  at 
rates  of  0.5$  and  1.0$  by  weight.  A  control  group  received  no  ferric  ferrocya¬ 
nide.  Each  group  consisted  of  four  170-gram  rats.  Two  days  after  placing  the 
rats  on  this  supplemented  ration  all  rats  were  given  134 Cs  via  a  stomach  tube. 
The  rats  were  counted  in  a  small  whole-body  counter  immediately  after  dosing 
and  again  at  5,  8  and  11  days.  Percentage  retention  data  follow: 


Table  1.  Whole-body  retention  of  l34Cs  by  rats  fed  ferric  ferrocyanide. 


Group 

5  Days 

8  Days 

11  Days 

Control 

54.7$ 

.43.0$ 

35.4$ 

0.5$  F.F. 

3.2$  (5.8)* 

1.9$  (4.4) 

1.3$  (3.7) 

1.0$  F.F. 

0.79$  (1.4) 

0.50 $  (1.2) 

0.34$  (1.0) 

*  Values  in  parentheses  express  retention  as  percentages  of  control  data 
at  the  given  time  periods. 


A  marked  decrease  in  retention  at  day  5  was  observed  when  either  level  of 
ferric  ferrocyanide  was  fed.  Although  this  experiment  does  not  differentiate 
between  effects  on  absorption  and  turnover  of  absorbed  1  4Cs  between  day  0  and 
day  5  it  would  seem  that  absorption  was  reduced.  Turnover  rates  between  days 
5  and  11,  a  period  prior  to  which  absorption  should  have  been  completed,  were 
doubled  when  ferric  ferrocyanide  was  fed.  The  t,  #  during  this  period  aver¬ 
aged  4.7  days  for  rats  receiving eitter level  of  ftnric  ferrocyanide  as  compared 
to  9.2  days  for  the  control  rats.  The  magnitude  of  the  effects  observed  are 
very  similar  to  those  seen  by  Nigrovic^ 

C.  Feeding  of  Ferric  Ferrocyanide  to  Cattle 

Cattle  feeding  experiments  were  conducted  to  gather  information  on  the 
influence  of  (l)  level  of  ingestion,  (2)  time  of  ingestion  and  (3)  2.  single 
versus  daily  ingestion  of  ferric  ferrocyanide  upon  the  secretion  of  radio¬ 
cesium  into  milk. 
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Table  2  summarizes  the  design  of  the  experiments  performed.  Two  cows  were 
fed  a  single  supplement  of  50  grams  of  ferric  ferrocyanide  at  the  same  feeding 
in  which  a  single  dose  of  radiocesium  was  administered.  In  other  experiments 
these  two  cows  plus  two  additional  cows  were  fed  25  grams  of  ferric  ferrocyanide 
in  each  of  two  feedings  daily  (50  grams  per  day)  for  periods  of  up  to  17  days. 

In  the  latter  experiments  radioisotopes  of  cesium  were  fed  24  and  8  hours  before 
and  at  0  and  48  hours  after  the  feeding  of  ferric  ferrocyanide  was  initiated. 

In  two  other  feeding  trials  one  of  these  cows  was  supplemented  with  ferric 
ferrocyanide  daily  at  rates  of  25  grams  per  day  and  10  grams  per  day.  All  cows 
were  used  in  one  or  more  control  periods  in  which  single  doses  of  radiocesium 
were  administered  with  no  supplement  of  ferric  ferrocyanide. 

Table  2.  Experiments  conducted  in  which  cattle  were  fed  ferric  ferrocyanide. 


Values  given  are  cow  identity  numbers. 


Ferric 

Ferrocyanide 

Feeding  Schedule 

Radiocesium 
Dosing  Time 
( Hours ) 

Grams  Ferric 

50 

Ferrocyanide 

25 

Per  Day 

10 

Single  Dose 

0* 

174 

177 

Dosed  Twice 

-24 

177 

Daily 

-  8 

177 

0 

177  174 

174 

174 

175 

4+8 

177  174 

174 

174 

176  175 

*  Time  at  which  a  single  dose  of  radiocesium  was  administered  relative  to  the 
initiation  of  feeding  of  ferric  ferrocyanide.  Negative  times  indicate  radio¬ 
cesium  given  before  ferric  ferrocyanide  and  positive  times  indicate  radiocesium 
given  after  the  initiation  of  feeding  of  ferric  ferrocyanide. 

The  ferric  ferrocyanide  used  in  these  studies  was  administered  by  hand 
mixing  a  weighed  allotment  into  the  grain  ration  of  each  cow  for  feeding.  It 
was  found  that  mixing  in  a  mechanical  mixer  left  a  hard-to-remove  stain  in  the 
stainless  steel  mixing  tub.  Radiocesium  used  was  137 Cs  and/or  xa‘lCs  in  the 
chloride  form  and  was  dried,  on  the  inside  of  gelatine  capsules.  Administration 
was  orally  via  a  balling  gun. 

Quart  milk  samples  were  taken  at  each  milking  duriftg  the  first  few  days  of 
each  experiment  and  at  morning  milkings  only  thereafter.  The  samples  were 
assayed  for  ‘34Cs  and  137Cs  in  a  large  sample  scintillation  counter  equipped 
with  two  5x4  inch  Nal  (Th)  crystals  (Nuclear  Chicago  -  Tobar)  which  was 
attached  to  a  3-channel  analyzer- scaler. 

1.  General  Observations 

The  feeding  of  50  grams  of  ferric  ferrocyanide  per  day  to  three  cows 
reduced  radiocesium  levels  in  milk  by  95  to  98$  with  an  average  reduction  of 
96$.  The  variation  between  cows  was  in  part  due  to  the  size  differences  among 
the  cows.  A  Jersey  weighing  9OO  pounds  had  the  greatest  reduction  in  radio¬ 
cesium  output  whereas  the  cow  which  showed  the  least  effect  was  a  Holstein 
weighing  1450  pounds. 
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As  may  be  seen  in  Figures  1  through  4,  the  feeding  of  ferric  ferrocyanide 
net  only  reduced  the  peak  radiocesium  concentration  in  mill:  but  "Iso  i  r.crenced 
the  slope  of  the  transfer  function  of  cesium  into  milk.  The  concentrations  of 
radiocesium  in  milk  following  the  feeding  of  50  grams  of  ferric  ferrocyanide 
per  day  were  5.2  and  2.6 %  of  levels  observed  during  the  control  periods  on  days 
1  and  7  respectively.  The  slope  of  the  transfer  function  may  also  be  increased 
several  months  after  the  ingestion  of  radiocesium  by  the  cow.  Starting  at  80 
days  after  dosing  with  l34Cs  Cow  174  was  fed  50  grams  of  ferric  ferrocyanide 
per  day.  The  slope  of  the  milk  concentration  curve  changed  from  a  half-time 
of  27  days  to  a  half-time  of  5*5  days. 


The  data  obtained  in  these  experiments  are  summarized  in  Tables  A-2 
through  A-5.  In  addition  to  the  actual  concentration  of  radiocesium  measured 
in  milk  at  particular  times,  the  cumulative  amounts  of  radiocesium  secreted 
into  milk  up  to  given  times  has  been  calculated.  While  these  values  are  of 
interest  for  comparative  purposes  they  are  influenced  by  the  amount  of  milk 
produced  daily  which  is  in  turn  variable  due  to  factors  such  as  stage  of  lacta¬ 
tion,  stage  of  gestation,  temperature  and  other  factors.  A  third  quantity  has 
been  calculated  which,  it  is  believed,  is  a  better  index  of  the  effectiveness 
of  a  particular  countermeasure.  This  quantity  is  the  total  radiocesium  secreted 
from  the  time  of  dosing  to  a  given  day  divided  by  the  average  daily  milk  produc¬ 
tion  during  the  period  (X$/(l/day) ) .  This  quantity,  which  will  hereafter  be 
referred  to  as  the  "accumulated  concentration",  is  an  indication  of  the  concen¬ 
tration  to  be  expected  if  the  cow  was  fed  the  same  dose  of  radiocesium  daily. 

The  7-day  accumulated  concentrations  of  radiocesium  will  be  utilized  for  com¬ 
parisons  between  treatments.  This  corresponds  to  about  12%  of  the  expected 
steady  state  radiocesium  concentrations  in  milk  after  prolonged  daily  dosing 
with  the  radionuclide  (Comar  et  al.  I967). 


2.  Level  of  Ferric  Ferrocyanide  Feeding 


A  Jersey  cow  (174)  was  fed  ferric  ferrocyanide  at  levels  of  50,  25  and  10 
grams  per  day.  One  radioisotope  of  cesium  was  fed  when  the  ferric  ferrocyanide 
supplementation  was  started  and  another  isotope  was  fed  two  days  later.  These 
data  are  presented  in  Table  A-2  and  Figures  1  and  2.  In  Table  3  the  effects 
of  each  treatment  are  expressed  as  a  percentage  of  the  corresponding  values 
obtained  during  the  control  period. 


Table  3.  Levels  of  radiocesium  secreted  into  milk  of  Cow  174  when  ferric 
ferrocyanide  was  fed  expressed  as  percentages  of  levels  observed 
_ during  the  control  period. _ . _ 


Time  of 

Radiocesium 

Administration 

Amount  of  Ferric 
Ferrocyanide  Fed 
(Grams/Day) 

Peak 

Concentration 

7-Day 

Secretion 

7-Day  Accumulat* 
Concentration 

T  =  0  Hours 

50 

3.8 

2.0 

2.8 

25 

6.0 

3.2 

4.5 

10 

ll.l 

6.4 

8.8 

T  =  48  Hours 

50 

1.4 

0.8 

1.2 

25 

2.8 

1.5 

2.1 

10 

7.4 

4.2 

5.8 

*  Dose/  Liter 


i(iu re  1 


Days 


Concentrations  of  radiocesium  in  the  milk  of  Cow  174  follow! ry, 
single  doses  of  radiocesium  and  daily  supplements  of  10,  ?.'j  or 
50  of  ferric  ferrocyanide  started  at-  the  time  of  radio, 

cesium  administration  . 
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A  straight  line  relationship  was  observed  between  the  level  at  which  the 
ferric  ferroeyanide  was  fed  and  the  inverse  of  the  percentage  change  in  radio- 
cesium  secretion  due  to  changing  the  ferric  ferroeyanide  supplementation  level. 
When  T  =  48  hours  an  increase  by  a  factor  of  two  in  the  level  of  feeding  of 
ferric  ferroeyanide  decreased  the  radiocesium  levels  in  milk  by  one-half.  When 
ferric  ferroeyanide  feeding  was  started  at  the  same  time  as  the  radiocesium 
was  administered,  T  =  0,  doubling  of  the  supplementation  rate  reduced  radio¬ 
cesium  levels  in  milk  by  one-third.  It  would  appear  that  in  the  range  of  supple 
mentation  studied,  10  to  50  grams  per  day,  the  maximum  effect  of  feeding  ferric 
ferroeyanide  has  not  been  reached  and  that  the  effect  obtained  i15  proportional 
to  the  supplementation  rate. 

3.  Time  of  Ferric  Ferroeyanide  Supplementation 

Cow  177  was  fed  single  doses  of  radiocesium  at  four  time  periods  relative 
to  the  initiation  of  feeding  of  ferric  ferroeyanide:  24  and  8  hours  before  and 
0  and  48  hours  after  50  grams  per  day  of  ferric  ferroeyanide  supplementation 
was  started.  This  data  is  presented  in  Table  A-5  and  Figure  3.  The  levels  of 
secretion  of  radiocesium  in  these  experiments  expressed  as  percentages  of  the 
levels  observed  during  the  control  period  are  listed  in  Table  4. 

Table  4.  Levels  of  radiocesium  in  the  milk  of  Cow  177  when  ferric  ferroeyanide 
supplementation  (50  grams/day)  was  initiated  at  four  time  periods 
_ expressed  as  percentages  of  levels  observed  during  the  control  period. 

Time  of  Radiocesium  Peak  7-Day  7-Day  Accumulated 

Ad.  inis tr at ion  (Hours)*  Concentration  Secretion  Concentration 


=  -24 

88.8 

58.1 

57.8 

=  -  8 

42.5 

28.3 

27.5 

=  0 

6.5 

5.0 

4.7 

-  48 

4,2 

4.1 

_ isi 

*  Negative  times  indicate  radiocesium  given  before  ferric  ferroeyanide  and 
postive  times  indicate  radiocesium  given  after  the  initiation  of  feeding  of 
ferric  ferroeyanide. 

When  compared  to  the  case  when  ferric  ferroeyanide  supplementation  is 
initiated  at  the  time  radiocesium  is  administered  (T  -  0),  a  delay  of  8  or  24 
hours  in  the  feeding  »f  ferric  ferroeyanide  results  in  6  or  12  times  as  much 
radiocesium  in  the  milk  during  the  following  seven  days.  When  ferric  ferrooyu- 
nide  was  administered  two  days  before  radiocesium  ingestion  the  7-day  accumu¬ 
lated  concentration  was  76#  of  that  obtained  when  T  a  0.  If  data  from  two 
additional  cows  (J.?4  and  175)  are  included  in  the  latter  comparison  the  3-cow 
average  is  o4%  rather  than  ?6$. 

As  could  be  expected,  for  maximum  effectiveness  ferric  ferroeyanide  must 
be  present  when  radiocesium  is  consumed,  however  it  is  important  to  note  that 
there  is  u  significant  reduction  in  milk  contamination  even  when  it  is  fed  one 
day  after  the  ir^estion  of  radiocesium.  Even  though  the  peak  concentration  of 
rndioccsium  was  reached  before  the  ferric  ferroeyanide  wus  fed  the  7-day  ou.- 
put.  of  the  radionuclide  in  milk  was  down  to  ‘if}*’  of  that  obtained  during  the 
control  period. 


%Dose  /  Lite 


Figure  3 


11 


•  *» 


DAYS 


Concentrations  of  radiocesium  in  the  milk  of  Cow  177  wh°u  sin®1Pft 
doses  of  radiocesium  was  given  24  and  8  hours  before  and  0  and  4tt 
hours  after  the  initiation  of  supplementation  with  ferric  terro- 
cyanide  at  a  rate  of  50  grams  per  day. 
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4.  Single  vs.  Daily  Supplementation 

Data  for  making  comparisons  between  the  effectiveness  of  single  vs.  daily 
supplements  of  ferric  ferrocyanide  are  presented  in  Tables  A-2  and  A-5  and 
plotted  in  Figure  4.  Inasmuch  as  50  grams  of  this  material  was  fed  with  the 
radiocesium  in  the  case  of  the  single-supplement  experiment  and  25  grams  was 
fed  with  the  radioisotope  in  the  case  of  the  twice-daily  supplementation 
routine  (followed  by  another  25  grams  at  the  next  feeding)  it  is  not  surprising 
that  the  concentration  of  radiocesium  in  milk  at  the  first  milking  was  about 
twice  as  high  in  the  daily  supplemented  treatment  as  in  the  single  supplement 
treatment.  However,  when  50  grams  per  day,  25  grams  per  feeding,  was  fed 
starting  two  days  prior  to  the  administration  of  radiocesium  no  great  difference 
in  the  concentration  of  radioccsium  in  the  first  milking  was  observed. 

The  shape  of  the  secretion  curve  following  a  single  feeding  of  ferric 
ferrocyanide  was  quite  different  than  that  observed  with  the  daily  feeding  of 
the  supplement.  The  peak  radionuclide  level  in  milk  appeared  l|  to  2  days 
after  ingestion  of  the  radiocesium  dose  rather  than  at  about  1  day  as  seen  in 
control  period  and  when  daily  supplementation  was  provided.  Also,  after  about 
5  days  the  curve  paralleled  the  control  curve  quite  closely. 

Comparisons  between  the  control  periods  and  the  experimental  periods  were 
made  and  are  shown  in  Table  5. 

Table  5.  Levels  of  radiocesium  secreted  into  milk  when  ferric  ferrocyanide  was 
fed  in  single  feedings  or  in  daily  feedings  expressed  as  percentages  of 
_ levels  observed  during  control  periods. 


Peak 

7- Day 

7-Day  Accumulated 

Treatment 

Cow 

Concentration 

Secretion 

Concentration 

Single  Feeding 

174 

1.71 

1.77 

2.52 

50  grams 

177* 

4.85 

8.99 

6. 97 

T  =  0.  hrs. 

Mean 

3.28 

5.38 

4.74 

Daily  Feeding 

174 

3.38 

1.99 

2.76 

50  grams/Day 

177 

6.51 

5.01 

4.67 

T  =  0.  hrs. 

Mean 

5.17 

3.50 

3.71 

*  Fed  in  combination  with  sodium  alginate  and  a  hi-caicium  diet.  See  section 

IV. 

The  7-day  and  l4-day  accumulated  concentrations  of  radiocesium  in  milk  were 
on  the  average  20$  and  3 6$  higher  respectively  for  the  single  supplementation 
than  when  daily  feedings  were  started  at  the  same  time  as  the  cows  were  dosed 
with  radiocesium. 

5.  Projection  To  A  Pasture  Situation 

The  effects  of  ferric  ferrocyanide  can  be  partitioned  into  two  parts: 

(1)  u  reduction  in  the  availability  of  the  ingested  radioconium  for  absorption 
and  an  enhanced  turnover  of  previously  absorbed  radiocesium  resulting  in  a 
decrease  in  the  level  of  radiocesium  in  circulating  fluids  and  in  milk.  In 
order  to  mathematically  estimate  the  effectiveness  of  feeding  ferric  frrroeya- 


Dose/  Liter 


Figure  4. 


Comparison  of  effects  of  a  single  feeding  of  50  grams  of  ferric 
ferrocyanide  and  daily  supplements  of  50  grams/day  of  ferric 
ferrocyanide  upon  concentrations  of  radiocesium  in  milk.  (Aver 
age  of  Cows  174  and  177). 


nide  in  a  situation  where  cattle  are  continuously  grazing  on  contaminated 
pasture,  it  was  necessary  to  separate  these  effects.  From  a  comparison  of  the 
concentrations  of  radiocesium  in  the  first  days  milk  samples  following  a  single 
dose  of  radiocesium  at  various  time  periods  relative  to  the  initiation  of 
feeding  of  50  grams  of  ferric  ferrocyanide  per  day  an  empirical  equation  for 
changes  in  biological  availability  of  the  cesium  was  derived:  Percent  Avail¬ 
ability  a  95e"10 sT+*^3)  +  5,  The  quantity  "T"  is  the  time  between  the  initia¬ 
tion  of  feeding  of  ferric  ferrocyanide  and  the  consumption  of  contaminated  feed. 
The  function  along  with  factors  for  radionuclide  decay  and  for  the  rate  of  loss 
of  radiocesium  from  grass  due  to  processes  other  than  decay  is  applied  to 
adjust  the  intake  rate  in  the  equations  for  predicting  radiocesium  levels  in 
milk  as  described  in  our  previous  reports  (Lengemann  et  al. ,  I968,  Comar  et 

al.,  1967). 

To  estimate  enhancement  of  turnover  rates  r  ?  absorbed  radiocesium  the 
slopes  of  the  milk  radiocesium  secretion  curves  for  the  control  period  and  for 
periods  when  ferric  ferrocyanide  was  fed  were  compared.  The  function.  Cs* 
Concentration  (With  F.F.)  =  Cs*  Concentration  (W/0  F.  F.)  •  (0.68e~42"  +  0.32), 
was  applied  to  adjust  the  predicted  concentrations  of  radiocesiu.ii  in  milk  from 
cows  grazing  on  contaminated  pasture. 

A  comparison  of  levels  of  2"7Cs  estimated  to  be  in  milk  from  cows  feeding 
on  contaminated  pasture  with  and  without  countermeasures  being  applied  are 
plotted  in  Figure  5.  Calculations  for  these  plots  are  based  upon  conditions 
of  a  single  rapid  deposition  of  fallout  upon  pasture  with  a  half-time  of  removal 
from  grass  by  processes  other  than  radioactive  decay  of  14  days  and  utilizes 
the  transfer  function  described  in  our  previous  report,  TRC-67-33  (I967).  The 
concentrations  of  137 Cs  are  expressed  as  percentages  of  the  initial  intake  rate 
(units  activity/dav)  by  the  cows  per  liter  of  milk.  The  upper  curve  shows  the 
concentration  of  1  7Cs  that  would  be  found  in  milk  from  cows  grazing  on  pasture 
following  a  contaminating  event.  The  other  curves  display  the  expected  concen¬ 
trations  if  after  1  or  8  days  of  grazing  on  the  contaminated  pasture  the  cows 
were  (a)  fed  5°  grams  of  ferric  ferrocyanide  per  day,  (b)  removed  from  the 
pasture  and  fed  clean  feed  or  (c)  fed  clean  feed  plus  50  grams  of  ferric  ferro¬ 
cyanide  per  day. 

For  immediate  results  the  feeding  of  ferric  ferrocyanide  is  somewhat  more 
effective  than  placing  the  cows  on  clean  feed.  This  is  the  case  even  though 
the  cows  will  continue  to  absorb  about  5  percent  of  the  ingested  137 Cs  because 
(1)  much  of  the  137 Cs  in  the  gastrointestinal  tract  at  the  time  of  ingestion  of 
the  ferric  ferrocyanide  will  be  rendered  unavailable  for  absorption  and  (2) 
the  turnover  of  the  previously  absorbed  :37Cs  will  be  enhanced. 

A  comparison  of  the  overall  effectiveness  of  countermeasures  against  137 Cs 
is  shown  in  Figure  6.  The  amount  of  137 Cs  from  milk  consumed  by  man  when  a 
countermeasure  is  instituted  expressed  as  a  percentage  of  the  total  projected 
intake  if  no  action  was  taken  is  plotted  against  the  time  after  deposition  when 
protective  uction  is  taken. 

In  comparing  the  countermeasures  it  is  obvious  that  the  complete  elimina¬ 
tion  of  contaminated  milk  from  the  diet  is  the  most  effective  measure,  itowover, 
the  advantage  of  the  clean  feed  or  the  ferric  ferrocyanide  methods  is  that 
they  have  little  effect  upon  the  normal  food  distribution  pathways  or  upon  the 
food  habits  of  the  consumers.  When  ferric  ferrocyanide  feeding  is  instituted 
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Figure  6.  Effectiveness  of  countermeasures  against  radiocesium  plotted 
against  days  of  intake  of  contaminated  milk  by  man  before  pro¬ 
tective  action  is  operative.  Countermeasures  are  (A)  placing 
cows  on  clean  feed,  (B)  feeding  ferric  ferrocyanido,  (O  placing 
cows  on  clean  feed  plus  feeding  ferric  ferrocyanide,  and  (D) 
excluding  contaminated  milk  from  the  human  diet. 
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between  days  1  and  2  the  total  intake  by  man  from  milk  is  about  71  percent  of 
that  consumed  if  the  cows  were  placed  upon  clean  feed  instead.  While  this 
difference  could  be  of  significance  it  would  appear  that  the  most  practical  time 
to  feed  ferric  ferrocyanide  would  be  when  a  source  of  clean  feed  was  not  avail¬ 
able. 


IV.  Dietary  Supplements  as  Remedial  Measures  Against  90 Sr 

A.  Literature 

1.  Sodium  Alginate 

The  selective  inhibition  of  strontium  absorption  following  the  administra¬ 
tion  of  sodium  alginate  to  rats  was  first  reported  by  Skoryna  and  colleagues 
from  Canada  (I964,  I965)  when  they  observed  a  50  to  80 $  reduction  of  radio¬ 
strontium  absorption  with  no  significant  reduction  in  calcium  absorption. 

Similar  inhibition  of  radiostrontium  absorption  by  sodium  alginate  has  since 
been  observed  in  rats  and  humans  by  others. 

Commercially  available  alginates  are  salts  of  naturally  occurring  com¬ 
pound  polymers  of  mannuronic  and  guluronic  acids  (alginic  acid)  which  are 
extracted  from  brown  seaweed  ( Fhaeophyceae ) .  Sodium  alginate  is  water 
soluble  and  from  a  practical  standpoint  it  is  important  to  note  that  it  is 
already  widely  used  in  the  food  industries  including  incorporation  into  pro¬ 
ducts  such  as  ice  cream,  jellies,  jam,  puddings,  etc.,  as  an  emulsifying  and 
stabilizing  agent. 

Alginates  with  a  high  guluronic  acid  content  such  as  those  derived  from 
certain  Laminaria  species  appear  to  be  most  effective.  When  such  products  are 
fed  to  rats  at  the  rate  of  10$  of  their  diet  typical  reductions  in  strontium 
absorption  range  about  to  80$»  whereas  changes  in  radiocalcium  absorption 
have  varied  between  -29$  and  +33$  (Harrison  et  al.  1966,  Patrick  et  al.  1967, 
Kostial  et  al.  I967).  Hesp  and  Ramsbottom  (I965T  and  Sutton  (I967T  have 
reported  a  reduction  in  radiostrontium  uptake  of  64  to  89  percent  when  10  grams 
of  sodium  alginate  derived  from  Laminaria  species  was  fed.  to  adult  humans  who 
had  fasted  overnight.  When  sodium  alginate  derived  from  Macrocystis  pyrifera, 
which  has  a  lower  guluronic  acid  content,  was  administered  as  a  jelly  to  human 
adults  strontium  retention  was  reduced  by  about  5 6$  whereas  radiocalcium  reten¬ 
tion  was  reduced  by  only  18$  (Harrison  et  al.  I966). 

* 

Humphreys  (I967)  and  Tanaka  (I968)  have  described  alginate  derivatives, 
some  of  which  appear  to  be  more  effective  than  sodium  alginate.  A  derivative 
containing  97$  L-guluronic  acid  when  fed  to  rats  at  a  rate  of  10$  of  their 
ration  reduced  radiostrontium  absorption  by  85$  with  no  inhibition  of  calcium 
absorption  (Patrick  et  al. ,  I967)  and  when  consumed  by  humans  a  reduction  in 
the  absorption  of  07inSr  by  83  to  87$  was  indicated  (Sutton,  I967).  Tanaka 
(I968)  after  studying  several  degradation  products  of  alginates  concluded  that 
their  strontium  binding  capacities  in  vivo  are  only  partly  dependent  upon  the 
presence  of  a  high  guluronic  acid  content. 

In  a  very  recent  study  (Carr  et  al. ,  I968)  the  absorption  of  't7Ca  and  853r 
was  studied  in  4  human  volunteers  with  and  without  sodium  alginate;  the  alginate 
decreased  the  retention  of  85Gr  by  70$  and  ’7Ca  by  7$.  The  stable  elements  Na, 
K,  Mg  and  P  were  also  studied  and  no  change  was  observed  in  their  excretion 


18 


pattern  or  plasma  level.  There  has  been  some  indication  that  alginate  will 
interfere  with  iron  metabolism  because  of  its  strong  binding  potential  for 
ferric  ion  but  this  issue  is  still  equivocal. 

Only  two  reports  have  been  found  of  use  of  sodium  alginate  from  animals. 
Milan  and  Anderson  (1969)  and  Colvin  et  al.  (I967)  found  their  alginates  to  be 
ineffective  in  pigs  and  chickens  respectively. 

2.  Aluminum  Phosphate  Gel 

Another  material  which  appears  to  decrease  intestinal  absorption  of  stron¬ 
tium  without  a  great  reduction  in  calcium  absorption  is  aluminum  phosphate  gel. 
Spencer  et  al.  (I967,  I968,  I969)  have  reported  average  reductions  in  strontium 
uptake  of~87.6$  in  man  when  100  to  300  ml  of  "Phosphaljel"  (Wyeth)  was  consumed 
immediately  prior  to  ingestion  of  radiostrontium.  Calcium  absorption  was 
reduced  by  37.8 $  in  this  experiment.  When  administration  of  100  ml  of  Phosphal¬ 
jel  was  delayed  to  A-  or  1  hour  after  ingestion  of  the  85Sr  absorption  was 
decreased  by  an  average  of  5T$  and  43 %  respectively.  These  results  were  obtained 
with  men  on  a  low  calcium  diet.  A  patient  fed  a  high  calcium  diet  showed  a 
depression  in  bSSr  absorption  when  aluminum  phosphate  gel  was  fed,  however  an¬ 
other  patient  receiving  a  high  level  of  calcium  and  phosphorus  showed  no  such 
depression. 

This  group  of  investigators  also  administered  1.5  ml  of  aluminum  phosphate 
gel  to  rats  immediately  prior  to,  immediately  after,  10  minutes  after,  30  minu¬ 
tes  after  and  1  hour  after  u5Sr  consumption  and  obtained  reductions  in  bone 
accumulation  of  a5Sr  in  amounts  of  82,  70,  68,  44,  and  <0  per  cent  (Friedland 
et  al.  I968,  1969).  Thus  the  effects  of  aluminum  phosphate  gel  appear  to  be 
very  time  dependent. 

B.  Rat  Experiments 

1.  Multi-Supplement  Trial 

As  in  the  radiocesium  study,  preliminary  experiments  with  aluminum  phos¬ 
phate  gel  and  sodium  alginate  were  conducted  with  rats  before  proceeding  to 
cattle.  In  order  to  obtain  information  on  the  effectiveness  of  these  products 
and  on  possible  interactions  among  dietary  conditions  a  factorial  experiment 
was  conducted  in  which  two  levels  of  Ca,  P,  and  Mg  were  fed  to  rats  with  or 
without  sodium  alginate  and  with  or  without  an  aluminum  phosphate  gel.  With 
this  design  there  were  eight  groups,  each  containing  six  rats.  The  calcium 
levels  fed  were  0.95$  and  3-0 $  of  the  ration.  The  sodium  alginate  (Kelco 
Company's  "Kelgin  XL"),  and  the  aluminum  phosphate  gel  (Wyeth  Laboratories' 
"Phosphaljel"),  were  supplemented  at  rates  of  10$  of  the  ration  by  weight. 
Calcium-45  and  85Sr  were  added  to  the  drinking  water  of  the  rats.  The  diets 
and  the  radionuclides  were  fed  for  one  week.  Then  the  rats  were  killed  and 
femurs  ashed  and  analyzed  for  ‘*5Ca  and  8 5 Sr. 

Table  6  summarizes  the  data  obtained  from  these  rats.  Table  7  summarizes 
the  results  of  statistical  analysis  of  these  data.  Logarithmic  transformations 
were  made  on  the  data  to  reflect  proportional  changes  in  strontium  and  calcium 
absorption  and  ORb0ne/dj_et'  The  sodium  alginate  reduced  strontium  incorporation 
into  bone  and  the  one /die f  by  siSnificant  amounts,  whereas  the  aluminum  phos¬ 

phate  gel  was  much  less  feifective  in  this  experiment.  An  important  observation 
made  was  that  the  effects  of  most  of  these  supplements  appeared  to  be  additive 
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except  for  a  strong  interaction  between  sodium  alginate  and  the  calcium,  phos¬ 
phorus  and  magnesium  content  of  the  ration.  The  sodium  alginate  was  about  twice 
as  effective  in  lowering  the  OR,  when  the  lower  level  of  calcium  was 

fc-d  than  when  the  higher  level  wasei’ei? 


Table  7.  Significant  effects  due  to  combinations  of  dietary  supplements  fed 

to  rats  as  shown  by  an  analysis  of  variance  of  logarithmically  trans¬ 
formed  data. 


Measurement 


Effect 

Sr  Ca 

^f  emur/ diet 

Ca-P-Mg 

•K**.  ** 

Alginate 

** 

** 

Phosphaljel 

* 

Interactions : 

Ca  X  Alginate 

**• 

** 

Ca  X  Phosphaljel 
Alginate  X  Riosphaljel 
Ca  X  Alginate  X  Phosphaljel 


*  Effect  significant  at  95$  probability  level 
**  Effect  significant  at  99$  probability  level 

2.  Aluminum  Phosphate 

Further  rat  experiments  were  conducted  involving  the  feeding  of  aluminum 
phosphate  gel  and  aluminum  phosphate  (dry  chemical).  A  summary  of  the  results 
is  presented  in  Table  8.  The  greatest  reduction  in  radiostrontium  incorpora¬ 
tion  into  bones  occurred  when  the  aluminum  phosphate  gel  and  the  radionuclides 
were  administered  via  stomach  tube  rather  than  being  mixed  with  the  feed.  It 
should  be  noted  however,  that  incorporation  of  radiostrontium  in  femurs  of 
control  rats  fed  the  radioactive  material  via  stomach  tube  was  considerably 
greater  than  that  observed  in  control  rats  fed  the  radionuclides  mixed  in 
their  feed.  Expressed  as  percents  of  consumed  dose  per  femur  the  respective 
range  of  values  were  .68$  to  .99 %  vs.  .18$  to  .22$. 

Factors  responsible  for  these  effects  may  include  (l)  amount  of  solids  vs. 
liquids  in  the  tract,  (2)  dehydration  of  the  gel  in  the  feecl,  and  (3)  the  con¬ 
centration  of  the  aluminum  phosphate  gel  in  the  tract  when  the  radiostrontium 
is  being  absorbed.  Spencer  and  Friedland  indirectly  showed  the  importance  of 
the  latter  factor  when  they  demonstrated  that  the  relative  time  of  administra¬ 
tion  of  the  gel  was  critical.  Although  a  non-gel  form  of  aluminum  phosphate 
fed  in  the  feed  or  as  a  slurry  via  stomach  tube  did  decrease  strontium  uptake, 
the  gel  form  was  considerably  more  effective. 
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Tab  le  S. 

Incorporation  of 
pliutes  expressed  as 

3r  and  'lBCa 
percentages 

in  femurs  of  rats  fed 
of  control  values. 

aluminum  phoc- 

Route1 

Supplement 

05  Sr 

4BCa 

0Rbone/ diet 

a 

of  control) 

(%  of  control) 

(''■>  of  control) 

via 

.1  ml  I-'hosphuljel3 

29 

87 

35 

s  tornaoh 

1  ml  Fhosphaljel3 

27 

82 

33 

tube 

2  ml  Fhosphaljel 

13 

57 

2k 

A1FO  (1  ml  equiv. ) 

51 

98 

54 

via 

15$  Fhosphaljel 

74 

110 

67 

feed 

20$  Fhosphaljel 

54 

106 

58 

AlPO^  (20$  equiv.) 

73 

87 

79 

A IPO,  (30$  equiv.) 

60 

94 

62 

1  Route  by  which  radionuclides  nnd  supplements  were  administered. 


3  Experiment  A. 

3  Experiment  13. 

Sodium  Alginate 

In  the  factorial  experiment  discussed  above  an  alginate  derived  from 
Pacific  giant  kelp  was  used.  A  supply  of  "Manucol-SS/LD/2"  was  obtained  from 
Alginate  Industries,  Ltd.,  London.  This  is  a  sodium  alginate  with  a  high 
guluronic  acid  content  and  is  derived  from  Laminaria  species  of  brown  seaweed. 
When  fed  to  rats  at  the  rate  of  10$  of  their  ration  by  weight  “BSr  incorpora¬ 
tion  in  femurs  was  reduced  by  90 $  and  the  OR,  .  was  reduced  by  87$. 

This  compares  to  59$  and  52$  respectively  whSnn?he domestic  product  was  fed. 

C.  Cattle  Experiments 

As  possible  countermeasures  against  radiostrontium  secretion  into  milk 
dairy  cows  in  the  study  reported  herein  were  fed  the  following  materials  singly 
and  in  combinations:  sodium  alginate,  aluminum  phosphate  gel,  aluminum  phos¬ 
phate,  calcium,  phosphorous  and  magnesium. 

1.  Sodium  Alginate  Supplementation 

Sodium  alginate  (Manucol  SS/LD/2)  was  fed  to  four  cows.  Two  cows  received 
this  material  as  the  only  supplement  while  the  other  two  received  it  in  combin¬ 
ation  with  other  dietary  supplements.  Cow  167  was  fed  2  pounds  of  sodium 
alginate  per  day  (7  percent  of  her  feed  intake)  for  three  days.  On  the  fourth 
day  the  level  of  sodium  alginate  fed  was  reduced  to  1.5  pounds  or  5  percent  of 
the  total  feed  intake  because  the  cow  began  to  refuse  the  higher  level.  The 
sodium  alginate  was  fed  by  mixing  it  with  the  grain  ration.  To  aid  in  palat- 
ability  5  percent  molasses  was  added  to  the  mixture.  Cow  175  would  not  consume 
more  than  0.8  pounds  of  sodium  alginate  per  day  (3  percent  of  her  ration). 

For  2g  days  this  cow  received  an  additional  two  pounds  of  sodium  alginate  per 
day  encased  in  gelatine  capsules  and  administered  by  a  balling  gun. 

Radios trontium  (aBSr  &  83Sr)  and  4BCa  were  administered  as  single  oral 


(lose?  during  both  the  supplementation  trials  and  during  control  periods.  Cow- 
lb?  received  ,JBSr  at  the  initiation  of  sodium  alginate  supplementation  and  33  Sr 
four  days  later. 

Milk  samples  were  assayed  for  a6Sr  in  a  large  sample  scintillation  counter. 
Aliquots  of  milk  were  dried,  ashed  and  dissolved  in  a  dilute  HC1  solution.  A 
liquid  scintillation  counter  was  employed  to  count  directly  the  Cerenkov  radia¬ 
tion  of  the  39Sr  in  the  water-base  medium.  One  ml  aliquots  of  the  same  solution 
were  placed  in  Bray's  solution  and  assayed  for  45Ca  in  the  liquid  scintillation 
counter.  The  external  standard  method  (133Ba)  was  employed  for  quench  correc¬ 
tions. 

Data  from  these  experiments  are  presented  in  Tables  A-6  and  A-7.  The 
cumulative  radiostrontium  secretion  and  the  "accumulated  concentration"  values 
have  been  calculated  by  methods  described  in  the  section  of  this  report  dealing 
with  ferric  ferrocyanide  effects.  In  addition  "cumulative  OR"  (£  O.R.)  values 
have  been  calculated.  These  are  O.R.  ......  .  values  arrived  at  by  dividing  the 

cumulative  percent  rad:  strontium  sec?iteaim5o  milk  up  to  a  given  time  by  the 
cumulative  percent  radiocalcium  secreted  into  milk  up  to  the  same  time.  The 
O.R.  . .  , .  is  thus  a  measure  of  the  overall  discrimination  against  strontium 
in  favor-  o£calcium  between  that  consumed  by  the  cow  and  that  appearing  in  the 
milk. 


Comparisons  cf  radiostrontium  secretion  into  milk  with  and  without  sodium 
alginate  supplements  being  fed  the  cows  are  shown  in  Figures  7  and  8  and  in 
Table  9.  The  peak  concentrations  of  radiostrontium  appear  to  be  nearly  inversly 
proportional  to  the  rate  of  sodium  alginate  consumption,  i.e.,  Cow  167  received 
7 Of  as  much  sodium  alginate  as  Cow  175  and  produced  a  peak  radiostrontium  con¬ 
centration  which  was  1/0.72  of  that  of  Cow  175.  The  peak  radiostrontium  ■■oncen- 
tration  also  occurred  about  one-half  day  earlier  when  sodium  alginate  was  fed 
(1  day  vs.  1,7  to  2  days).  There  was  a  sharper  decline  in  radiostrontium  con¬ 
centrations  in  milk  when  sodium  alginate  was  fed.  The  rate  of  decline  between 
the  peak  concentration  and  that  of  day  10  was  1.7  and  2.3  times  as  fast  when 
the  sodium  alginate  was  fed  to  Cows  175  and  167,  respectively,  as  when  no 
supplement  was  fed.  The  7-day  cumulative  radiostrontium  concentration  was 
reduced  by  2/3  in  both  cows.  When  3 3 Sr  was  fed  to  Cow  167  four  days  after  the 
beginning  of  sodium  alginate  supplementation  (T  *  96  hours)  the  percentage  of 
the  isotope  appearing  in  the  milk  was  only  slightly  less  than  when  the  radio- 
strontium  dosing  and  the  initiation  of  the  sodium  alginate  supplementation 
occurred  at  the  same  time  (T  =  0).  The  effect  of  feeding  sodium  alginate  to 
Cow  i<>7  on  the  7-day  cumulative  O.R.  ,  was  nearly  as  great  as  on  the 

radios trontiu.ii  concentrations,  thus  f&enfbatJng  that  action  of  the  sodium 
alginate  was  primarily  on  strontium  and  not  on  the  calcium  ingested. 

Table  0.  levels  of  radiostrontium  in  milk  when  sodium  alginate  was  fed 


expressed  as  percentages  of  levels  observed  Murine  the  control  periods. 


tow  Time1 

Peak 

Concentration 

7-Pay 

Secretion 

7-Day  Accumulated 
Concentration 

7- Day  Cumulative 
°‘K*milk  diet 

175  0 

»*5.3 

20.5 

33.1 

It -7  0 

62.0 

33.1* 

5**.  7 

t 

57.7 

20.7 

jO.o 

_ i7-±-  - 

1  Time  in  hours  between  initiation  of  sodium  alginate  feedir*?  and  administration 
of  radiostrontium. 
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Figure  8.  Effect  of  sodium  alginate  on  concentrations 
strontium  in  the  milk  of  Cow  175  when  given 
dose  of  a*Sr. 
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2.  Aluminum  Phosphate  Gel  Supplementation 

When  a  cov;  was  fed  aluminum  phosphate  gel  ("Phosphaljel"  from  Wyeth  Labora¬ 
tories),  at  a  rate  of  12  oz.  per  feeding  no  appreciable  reduction  in  radio¬ 
strontium  levels  in  milk  was  seen.  In  order  to  see  if  a  higher  level  of  supple¬ 
mentation  would  produce  ari  effect,  three  cows  were  fed  3*5  liters  of  aluminum 
phosphate  gel  at  the  time  of  3oSr  administration  and  1.75  liters  at  the  next 
feeding.  The  liquid  suspension  was  administered  as  a  drench. 

Levels  of  U5Sr  in  milk  in  these  experiments  arc  recorded  in  Tables  A-6. 

A-7  and  A-8.  Comparisons  with  levels  in  the  control  periods  are  presented  in 
Table  10.  Considerable  variation  among  animals  was  observed.  On  the  average 
the  administration  of  these  quantities  of  aluminum  phosphate  gel  was  about  one- 
half  as  effective  in  reducing  radiostrontium  secretion  into  milk  as  the  sodium 
alginate  supplementation,  i.e.,  reducing  the  contami nation  by  about  one-third 
in  comparison  with  no  supplementation.  The  shapes  of  the  radiostrontium  trans¬ 
fer  curves  were  very  similar  to  those  of  the  respective  control  period  curves. 

Table  10.  Levels  of  radiostrontium  in  milk  when  aluminum  phosphate  gel  or 

aluminum  phosphate  was  fed  cows  expressed  as  percentages  of  levels 


observed 

during  control 

periods . 

Peak 

7-Day 

7-Day  Accumulated 

7- Day  Cumulative 

Cow 

Concentration  Secretion 

Concentration 

°‘k'milk/diet 

1751 

93.0 

52.8 

84.4 

97 

16  71 

46.4 

30.1 

41.2 

1761 

67.4 

158. 33 

67.4 

60 

178s 

74.6 

78.3 

71.3 

63 

Fed  aluminum  phosphate  gel. 


Fed  A1P04  as  dry  chemical. 

3  Control  period  was  at  end  of  the  lactation  period  of  this  cow  and  thus  milk 
secretion  was  low. 

Cow  178  was  given  aluminum  phosphate  in  the  dry  chemical  form  rattier  than 
as  a  gel.  Two  hundred  grams  was  given  at  the  time  of  36 Sr  dosing  and  100  grams 
at  the  next  feeding  which  provided  nearly  equivalent  amounts  of  A1P0  to  that 
which  was  administered  in  the  gel  form.  This  cow  would  not  consume  tier  grain 
ration  if  the  AlPO^  was  included  at  levels  of  more  than  2.5$.  The  remainder  <>f 
the  supplement  was  administered  in  gelatine  capsules.  Datd  obtained  from  this 
experiment  is  summarized  in  Tables  A-10  and  10.  Although  the  effect  on 
strontium  secretion  into  milk  was  not  large  it  is  interesting  to  note  that  the 
reduction  in  the  7-day  cumulative  radiostrontium  concentration  was  80  percent 
of  the  average  reduction  observed  with  the  three  cows  that  received  the  aluminum 
phosphate  in  the  gel  form. 

3.  Combination  of  Dietary  Supplements 

To  determine  if  reductions  in  radionuclide  levels  in  milk  would  be  additive 
when  more  than  one  dietary  supplement  was  fed,  five  trials  with  four  cows  wore 
initiated.  During  a  control  period  the  cows  received  a  ration  with  a  moderate 
level  of  calcium  which  averaged  82  grams  per  day.  Radioisotopes  of  T3r,  Ca,  and 
Cs  were  fed  as  single  doses  and  milk  assayed  for  these  nuclides.  During  the 
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supplement  period  the  ration  which  the  cows  received  supplied  3O9  grams  of 
calcium'  per  day  plus  supplemental  phosphorus  and  magnesium  which  were  added  in 
amounts  of  100  and  25  grams  per  day  respectively.  In  the  first  experiment  with 
three  cows  the  maximum  level  of  feeding  of  Manucol  SS/LD/2  which  was  tolerated 
by  the  cows  was  3*5 1°  of  the  ration.  In  a  second  experiment  with  two  cows  the 
sodium  alginate  was  pelleted  along  with  some  corn  meal  and  lindseed  meal. 

These  pellets  were  fed  so  as  to  furnish  sodium  alginate  at  a  level  of  6 %  of  the 
ration.  Ferric  ferrocyanide  was  fed  at  a  rate  of  50  grams  per  day  in  the  first 
experiment  and  as  a  single  dose  of  50  grams  in  the  second  experiment.  Because 
of  problems  with  feed  consumption  in  these  trials  and  due  to  a  limited  and  vari 
able  effect  in  previous  trials,  aluminum  phosphate  gel  was  not  given  in  these 
experiments.  The  cows  were  fed  the  rations  for  2  to  3  days  prior  to  the  admin¬ 
istration  of  the  radionuclides. 


Two  of  the  cows  failed  to  eat  enough  of  their  grain  and  the  supplements 
contained  therein  to  warrant  continuing  them  on  the  experiments.  The  data  for 
the  remaining  three  trials  which  were  conducted  are  present  in  Tables  A-4B, 
A-5B,  A-5H,  A- 10  and  A- 11.  In  Table  11  the  incorporations  of  radiocesium  and 
radiostrontium  into  milk  when  the  supplements  were  fed  are  expressed  as  per¬ 
centages  of  levels  observed  during  the  control  period.  The  responses  observed 
when  the  cows  were  fed  the  combination  of  supplements  was  disappointingly  poor. 
While  the  depression  in  radiocesium  secretion  into  milk  was  on  the  average  only 
slightly  less  than  had  been  observed  in  the  single  supplement  experiments,  the 
depression  in  radiostrontium  secretion  into  milk  was  considerable  less  than 
would  have  been  expected  if  either  sodium  alginate  alone  or  an  elevation  in 
calcium  intake  alone  had  been  given.  An  elevation  in  dietary  calcium  alone 
would  be  expected  to  reduce  secretion  of  radiostrontium  in  milk  according  to 
an  inverse  relationship  but  would  not  be  expected  to  greatly  alter  the 
0*R'milk/diet*  Undoubtedly  a  factor  contributing  to  the  results  observed  was 
the  lack' orepalatability  of  the  grain  mixture  containing  'large  quantities  of 
salts  and  sodium  alginate.  Even  though  the  addition  of  molasses  and  the 
pelleting  of  the  alginate  helped,  there  was  definitely  more  wastage  with  the 
supplemented  grain  mixture.  Another  factor  which  may  be  involved  is  an  inter¬ 
action  between  the  level  of  calcium  in  the  ration  and  the  effect  of  sodium 
alginate.  Such  an  interaction  was  observed  in  a  rat  experiment  described 
earlier  in  this  report. 


Table  11.  Levels  of  radiostrontium  and  radiocesium  in  milk  when  a  combination 
of  remedial  agents  was  fed  to  cows  expressed  as  percentages  of 
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I 
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36 

39 

41 

57 
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82 

66 

75 

94 

II 

177 

77 

72 
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V.  Prediction  of  Radionuclide  Intake  From  Milk  By  Humans 


Lengemann  (1966,  lq68)  has  described  n  method  for  predictirg  the  totnl 
intake  commitment  of  a  radionuclide  from  milk  for  people  drinkir^  milk  i>om 
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cows  grazing  on  a  pasture  contaminated  by  a  single  short-term  deposition  of 
fallout.  This  method  has  now  been  expanded  to  include  factors  for  the  deposi¬ 
tion  rate  of  the  fallout  on  pasture,  situation  where  cows  do  not  start  grazing 
on  the  contaminated  pasture  until  some  time  after  the  arrival  of  the  fallout 
and  situations  where  there  is  more  than  one  deposit  separated  by  an  interval 
of  time. 


A.  General  Equation 

1.  Definitions 

I  *  =  amount  of  biologically  absorbable  radionuclide  which  is  available 
for  deposition  on  the  area  a  cow  would  completely  graze  per  day  to 
supply  its  nutrient  requirements. 

t  =  time  of  consumption  of  radioactivity  by  the  cow  after  first  grazing 
on  the  contaminated  pastures. 

T  =  time  of  milk  secretion  after  the  initial  grazing  on  the  contaminated 
pastures. 

D  a  time  between  initial  deposit  and  the  initial  grazing  on  the  contamin¬ 
ated  pastures. 

p  =  fallout  deposition  half-time. 

3  =  fractional  rate  of  radionuclide  deposition  (=  .693  p"1). 

X  =  fractional  rate  of  radionuclide  decay. 

p  =  half-time  of  removal  of  radionuclide  from  grass  by  all  processes 
other  than  radioactive  decay. 

v  *  fractional  rate  of  loss  of  radionuclide  from  grass  due  to  all 
processes  but  radioactive  decay  (=  .693p'i). 

M  a  concentration  of  radionuclide  in  milk, 

3  fractional  rate  of  loss  of  radionuclide  from  a  biological 
compartment. 

n  =  number  of  exponential  terms  in  the  general  equation. 

a  ,  a  ,  a  ...a,  «  amount  of  radionuclide  in  a  particular  compartment, 
i  a  3  i 

*.  Derivation 

The  transfer  of  ingested  iodine,  strontium  and  cesium  into  milk  may  be 
described  by  empirical  equations  consisting  of  the  3um  of  n  exponential  terms. 

The  differential  contribution  of  the  consumption  rate  of  a  radionuclide 
to  the  amount  of  activity  appearing  in  milk  at  time  T  can  be  obtained  from  such 
equations  which  express  the  transfer  of  radionuclide  into  milk  after  a  single 
dose: 
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n 

(1)  dM(T)  =  I(t)  E  at 

where  (T-t)  is  the  time  between  consumption  of  the  isotope  by  the  cow  and 
secretion  into  milk. 


The  initial  intake  rate,  I..  v  is  determined  by  the  amount  accumulated  less 
that  lost  through  decay  and  other ''modes  of  removal  from  grass.  For  purposes  of 
illustration  of  the  approach  a  single  exponential  deposition  rate,  A,  is  assumed. 
Also  note  that  new  definitions  for  T,  t,  D  and  I  *  have  been  introduced  to  fit 
into  a  more  general  model.  These  considerations  give  rise  to  an  equation  for 


je-0(t+D)  e-(\+v)  (t+D) 


Substituting  (2)  in  equation  1,  integrating  over  the  total  time  of  consumption 


of  radioactivity  by  the  cow,  and  dividing  by  I  *  gives  the  fraction  of  I  * 
present  in  a  liter  of  milk  at  time  T. 


a^je-y-e^)  .  e"^+v)D 

Equation  3  may  be  integrated  from  0  to  infinite  time  to  obtain  the  total 
amount  of  radionuclide  that  would  be  ingested  by  an  average  member  of  the  human 
population  as  a  proportion  of  I  *.  When  this  total  projected  intake  is  divided 
by  the  amount  of  radionuclide  ingested  on  any  particular  day  (from  equation  3) 
a  relationship  of  the  intake  on  this  particular  day  to  the  total  amount  that 
could  be  ingested  over  time  is  established.  A  factor  can  be  computed  for  each 
day  after  the  initial  deposition  of  the  radionuclide.  In  the  process  of  these 
computations  I  *  cancels  out  and  thus  the  method  is  independent  of  the  level 
of  contamination  on  pasture  and  grazing  rates  which  are  usually  difficult  to 
measure. 


A  more  detailed  discussion  of  the  derivation  of  F  factor  was  presented  in 
our  previous  report  (TRC-67-33). 

In  Tables  A-12  through  A-l4  are  examples  of  F  values  for  i3iI,  A*7Ca  and 
JJ3r.  These  factors  have  been  calculated  for  various  pasture  retention  times 
(p)  and  deposition  rates  (6).  They  are  based  upon  equations  derived  from  b- 
eov  experiments  described  in  our  last  report  (TRC-67-33).  F  values  based  upon 
data  for  larger  numbers  of  cattle  both  from  this  laboratory  and  obtained  from 
the  literature  are  being  prepared  (Lengemann,  l.o66,  ldbT,  1<*>8). 

The  affect  of  a  prolonged  period  for  deposition  is  to  delay  the  time 
before  a  peak  concentration  is  observed  in  the  milk.  This  is  reflected  in  the 
increase  of  the  value  of  ¥  for  day  1  and  the  increasing  number  of  days  before 
a  minimum  F  value  is  achieved. 

Similar  F  volues  can  be  calculated  for  varying  delays  in  placing  on 
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the  contaminated  pasture.  As  the  length  of  such  delays  (D)  approach  or  exceed 
the  deposition  t  ,  (£)  the  F  values  calculated  rapidly  approach  F  values  for  an 
instantaneous  deposition  of  fallout  (fS  =  0). 


To  use  these  F  values  one  multiplies  the  concentration  of  a  radionuclide 
in  a  milk  sample  taken  at  a  known  time  after  the  deposition  by  the  appropriate 
F  and  by  the  average  daily  consumption  (liters)  of  milk  to  obtain  the  total 
radionuclide  intake  commitment  of  an  average  member  of  the  population  from 
milk  due  to  the  contaminating  event. 


When  the  half-life  of  the  radionuclide  is  relatively  short  (iail)  an 
adjustment  must  be  made  in  the  F  values  for  the  intransit  delay  between  milk 
production  and  consumption  by  humans.  This  may  be  accomplished  by  multiplying 
the  F  value  by  e”  where  TT  is  average  transit  time  of  milk. 


When  more  than  one  deposition  occurs  it  is  possible  to  use  these  F  values 
to  predict  the  combined  intake  commitment.  From  a  sample  of  milk  after  the 
first  event  and  before  the  second  contaminating  event  the  intake  commitment 
due  to  the  first  event  (IC^)  can  be  calculated: 

(k)  ICl  .  Fla  .  Con=1  .  V 

where  F,  is  the  F  value  based  upon  time  between  the  first  deposit  and  produc¬ 
tion  orthe  fir  t  milk  sample  which  has  a  radionuclide  content  of  Conc^.  V  is 
the  volume  of  milk  consumed  daily.  After  the  second  event  the  concentration  of 
radionuclide  (Cone  )  in  another  milk  sample  must  be  determined.  The  intake 
commitment  (IC^)  due  to  the  second  event  will  be: 

(5)  IC2  =  'Cone £  -  IC1  .Fg  .  V 

Flb 

where  Fn,  is  the  F  value  based  upon  time  between  the  first  deposit  and  the 
second  milk  sample  and  F„  is  the  F  value  based  upon  time  between  the  second 
deposit  and  the  second  milk  sample. 

B.  Simulation  of  Pas  lure  Contamination 

In  order  to  experimentally  verily  that  the  model  described  in  the  pre¬ 
ceding  section,  which  is  based  upon  single-dose  experiments,  would  describe 
the  situation  where  cows  grase  on  contaminated  pasture,  two  experiments  were 
carried  out.  In  each  131 1,  abSr  and  l3”cs  were  fed  in  different  amounts  each 
feeding  -o  simulate  pasture  conditions.  A  two-incident  deposition  was  assumed 


with  the  following  conditions: 

Experiment  A 

Experiment  D 

lYi? 

Cow  No. 

178 

Days  between  incidents 

< 

•  s 

V 

fi  (days) 

10 

.lU 

0  -  first,  deposit  (hours) 

3 

12 

-  second  deposit  (hours) 

r? 

6 

24 

i  • 

I  *  -  first  deposit 

f*  -  second  deposit 

0 

n  a  -»*• 

Q.5e 

30 


The  dosing  schedule  was  based  upon  equation  2  and  calculated  as  follows: 


(6)  Volume  of 

Dose  Solution 


=  Z  . 


6 


-  ©T  -vT 
e  -e 


v  -  9 


where  Z  =  l/(nr,uDer  of  times  dosed  per  day).  The  cows  were  dosed  3  times  per 
day  for  three  days  following  each  simulated  deposit  and  2  times  per  day  other¬ 
wise.  Equation  6  was  used  to  calculate  amounts  of  radionuclides  given  due  to 
the  first  deposit.  The  contribution  of  the  second  simulated  deposit  was 
calculated  using  equation  6  except  that  Z  was  replaced  by  0.5Z,  i.e.,  the 
second  deposit  was  one  half  as  large  as  the  first. 


l4. 


The  data  for  milk  radionuclide  levels  are  presented  in  Figures  9  through 
The  data  for  Sr  has  been  adjusted  to  the  half-life  of  80Sr  rather  than  ssSr. 


The  lines  are  based  on  equation  3  and  were  fit  to  the  data  by  multiplying  the 
calculated  concentration  by  an  optimum  factor.  The  latter  was  calculated  from 
the  logarithm  of  the  concentrations  to  give  a  least  squares  fit.  The  adjust¬ 
ment  factors  were: 


1  ai 


137  , 


85 


Sr 


Experiment  A 

II97 

.773 

.307 


Experiment  B 
”^97 - 

.742 

.434 


Thus,  with  the  exception  of  Iodine  in  one  cow,  these  two  cows  secreted 
less  131 1,  8 5 Sr,  and  l37Cs  in  their  milk  than  the  average  of  6  cows  in  the 
previous  study.  This  is  not  surprising  as  considerable  variation  among  cows 
is  to  be  expected.  However,  from  the  standpoint  of  use  of  the  model  according 
to  the  method  outlined,  the  level  of  radionuclide  secretion  is  unimportant 
whereas  the  shape  of  the  secretion  curve  is  important. 

The  calculated  concentration  curves  for  80 Sr  and  l37Cs  show  a  reasonable 
fit  to  the  data,  thus  giving  assurance  that  the  predictive  procedures  are  valid. 
In  the  case  of  131  I  the  measured  levels  in  milk  of  both  fell  at  slightly  more 
rapid  rates  than  the  calculated  concentre tions.  During  the  last  portion  of  the 
experiments  the  slope  of  the  theoretical  curves  are  determined  to  a  significant 
extent  only  by  X  and  v.  Thus  the  discrepancy  can  only  be  due  to  a  change 
m  efficiency  of  transfer  of  ingested  131 1  into  milk  by  both  cows  as  time 
progressed  or,  more  probable,  due  to  a  loss  of  131 1  in  the  dosing  solution  --.nd 
capsules  through  volatilisation  or  other  processes.  The  lines  plotted  in 
Figures  11  and  14,  which  fit  the  data  well,  were  calculated  using  values  for  B 
of  and  10  days  instead  of  10  and  14  days  respectively.  This  would  indicate 
that  131  i  war.  being  lost  by  processes  other  than  decay  at  rates  of  about  5?  and 
!6  days  for  experiments  A  and  B  respectively. 
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Figure  9.  Milk  radioceaiua  concentrations  of  Cow  178  (Experiment  A) 
when  fed  117  Cs  at  rates  simulating  a  grazing  situation 
(points)  and  the  secretion  curve  computed  from  the  pre¬ 
dictive  model  (line). 


Figure  10.  Milk  radiccesium  concentrations  of  Cow  175  (Experiments) 
when  fed  1,7  Cs  at  rates  simulating  a  grazing  situation 
(points)  and  the  secretion  curve  computed  from  the  pre¬ 
dictive  model  (line). 
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Figure  12.  Milk  radiostrontium  concentrations  of  Cev  175  (Experiment  B) 
when  fed  34  Sr  at  rates  simulating  a  grazing  situation  (points) 
and  the  secretion  curve  computed  from  the  predictive  model 
(line) . 
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Figure  lk.  Milk  radioiodine  concentrations  of  Cow  175  (Experiment  B) 

when  fed  131 1  at  rates  simulating  a  grazing  condition  (points) 
and  the  secretion  curve  computed  from  the  predictive  model 
using  v  ■  10  days  (line) . 
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VI  Summary 

Following  a  nuclear  event  which  containii  es  the  environment  with  radio¬ 
active  fallout  the  major  source  of  ingested  1 '  I,  ')0Sr,  and  13?Cs  for  .Large 
segments  of  the  human  population  is  via  milk.  Tn  dealing  with  the  problems 
which  would  arise  as  a  result  of  such  an  event  two  factors  must  be  considered. 

First,  a  reliable  estimate  of  the  total  intake  commitment  of  the  radionuclides 
by  an  average  member  of  the  population  should  be  obtainable.  Secondly,  If  the 
projected  commitments  are  adjudged  greater  than  acceptable,  it  is  important  to 
have  available  a  selection  of  countermeasures,  each  of  which  would  reduce  the 
amounts  ingested  by  humans  by  a  predictable  quantity. 

A  method  for  the  prediction  of  the  total  intake  commitment  of  137 Cs,  131 1 
and  90 Sr  from  milk  by  average  members  of  a  human  population  following  deposition 
of  fallout  on  pasture  has  been  broadened  to  be  made  applicable  to  more  situations. 
The  method  will  account  for  either  a  rapid  or  extended  depositions,  one  or  more 
nuclear  incidents  separated  in  time  and  situations  where  cattle  are  on  pasture 
at  the  time  of  deposition  or  turned  out  to  pasture  at  some  time  later.  The 
important  advantage  of  the  procedure  is  that  predictions  do  not  depend  on  values 
of  surface  contamination  of  pasture  which  are  difficult  to  obtain  and  interpret. 

Cows  have  been  fed  131I,  a°Sr  and  l3/Cs  at  rates  simulating  changing  pasture 
contamination  levels  after  a  two-stage  nuclear  incident.  The  concentrations  of 
radionuclides  measured  in  milk  followed  the  patterns  predicted  from  the  mathe¬ 
matical  model  thus  supporting  the  basis  upon  which  the  predictive  method  is  founded. 

Sodium  alginate  derived  from  Laminaria  species  when  fed  rats  and  cattle 
was  more  effective  as  a  countermeasure  against  radiostrontium  than  previously 
used  sodium  alginates.  When  fed  to  lactating  cows  at  rates  of  5  to  7  percent 
of  their  ration  radiostrontium  levels  in  milk  were  reduced  to  1/3  of  control 
levels  without  greatly  altering  calcium  metabolism.  An  indication  of  a  possible 
interaction  between  the  level  of  calcium  consumed  and  the  effectiveness  of 
sodium  alginate  was  noted  in  the  rat  and  cattle  experiments.  Although  sodium 
alginate  was  shown  to  be  effective  as  a  countermeasure  against  90 Sr,  problems 
in  palatability  and  economics  would  probably  deter  its  use  until  they  are  over¬ 
come. 

Reductions  in  radiostrontium  levels  in  milk  when  aluminum  phosphate  gel 
was  fed  were  quite  variable  among  cows.  In  three  cows  the  average  level  of 
radiostrontium  in  milk  when  3-5  liters  of  the  gel  was  fed  was  of  control 

levels.  Aluminum  phosphate  as  a  dry  chemical  may  be  as  effective  as  the  gel  in 
the  cow  but  further  studies  are  needed  to  confirm  this  observation. 

Ferric  ferrocyanide  (Prussian  Blue)  was  shown  to  be  very  effective  ir. 
reducing  l37Cs  levels  in  milk.  When  i>0  grams  of  ferric  l'errooyanidc  was  fed 
per  day  radiocesium  levels  in  milk  were  only  1  to  of  levels  observed  in  i 
control  period.  Ferric  ferrocyanide  both  decreases  absorption  of  radio -esium 
and  increases  turnover  of  retained  radioecsium,  even  several  months  after  the 
ingestion  of  the  radionuclide,  it  is  believed  that  this  chemical  has  potenti¬ 
alities  as  a  dietary  countermeasure  against  1  ;’7 f . 
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VIII.  Appendix  Tables 
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Table  A-l  Symbols  Used  in  Appendix  Tables _ 

Definition 

percent  dose  per  liter  milk 
accumulated  secretion  into  milk 
accumulated  concentration 

morning  milk  samples  only  from  date  indicated  and  thereafter 
accumulated 

time  between  start  of  supplementation  and  radionuclide  dosing 
ferric  ferrocyanide  (Prussian  Blue) 


Table  A-2  Radiocesium  Secretion  Into  Milk  by  Cow  174 
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Table  A-7  Effect  of  Aluminum  Phosphate  Gel  and  Sodium  Alginati 
on  the  Secretion  of  Radiostrontium  in  the  Milk  of  Cow  175 
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See  Table  Al  for  key  to  symbols 
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See  text  for  discussion  of  total  amounts  of  radiostrontium  secreted  in  this  experiment. 
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Table  A- 11  Effect  of  Combinations  of  Ca,  P,  Mg  and  Sodium  Alginate 
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Table  A-l4.  F137  n  values  for  days  between  initiation  of  grazing  of  contaminated 

LS 

pasture  and  production  of  a  given  milk  sample.  _ 
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'  Experimental  verification  of  a  method  for  the  prediction  of  the  total 

*  intake  commitment  of  x*7Cs,  *°Sr  and  191 1  from  milk  by  average  members  of 

!a  human  population  following  deposition  of  fallout  on  pasture  is  presented. 
The  method  has  been  expanded  tc-  account  for  extended  and  multiple  depositions 
and  delays  in  pasturing  cows.  As  a  dietary  countermeasure  against  radio- 
r,‘rontium  seeretion  into  milk  sodium  nlginate  was  about  twice  as  effective 
■  aluminum  phosphate  gel.  Ferric  ferrocyanide  fed  to  cows  produced  over  a 
f  reduction  in  xa’Cs  in  milk. 
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